Abstract: Grid-connected low voltage photovoltaic power plants cover most of the power capacity installed in Italy. They offer an important contribution to the power demand of the utilities connected but, due to the nature of the solar resource, the night-time consumption can be satisfied only withdrawing the energy by the national grid, at the price of the energy distributor. Thanks to the improvement of storage technologies, the installation of a system of battery looks like a promising solution by giving the possibility to increase auto-consumption dramatically. In this paper, a model-based approach to analyze and discuss the performance and the economic feasibility of grid-connected domestic photovoltaic power plants with a storage system is presented. Using as input to the model the historical series (2008-2017) of the main ambient variables, the proposed model, based on Stochastic Hybrid Fault Tree Automaton, allowed us to simulate and compare two alternative technical solutions characterized by different environmental conditions, in the north and in the south of Italy. The performances of these systems were compared and an economic analysis, addressing the convenience of the storage systems was carried out, considering the characteristic useful-life time, 20 years, of a photovoltaic power plant. To this end the Net Present Value and the payback time were evaluated, considering the main characteristics of the Italian market scenario.
Introduction
In the last decades, the photovoltaic industry has grown world-wide. Nowadays, small and decentralized photovoltaic (PV) power plants play a key role in the sustainable development of distributed generation and will become one of the main pillars of the smart-grid and smart-city revolution [1] . While the feasibility analysis of large photovoltaic power plants can be very complex, low voltage (LV) systems that represent most domestic applications are characterized by a great simplicity of design, installation, and operation. For these reasons, their diffusion has strongly increased in these last years, supported also by government incentive policies and technical regulations. These latter have required the interconnection of the PV power plant with the national electrical grid [2] with a twofold objectives: To guarantee the energy supply of households when the PV system does not produce, and to allow the injection of the unused energy into the electrical grid that can be seen as a virtual battery of infinitive capacity. This type of architecture takes the name of grid-connected power plants.
The economic advantage of the PV investments has been investigated in several works [3] [4] [5] [6] under different viewpoints. In [3] the determinants of investment risk in the PV industry was analyzed, and alternative business plans were evaluated in order to quantify how Net Present Value (NPV) varies according to different parameters. Edalati et al. [4] studied the technical and economic feasibility of a 10 MW p grid-connected PV power plant located in Iran, having performed a comparison of profit expectations in different cities. The feed-in tariff (FIT) profit of a 5 kW p photovoltaic power plant, considering an annual update of the tariff with a 30% reduction during the second decade of the investment, has been studied by Bakhshi and Sadeh [5] . In [6] , Cucchiella et al. proposed an economic analysis that considers residential households with different consumptions and levels of insolation in order to evaluate several well-known indicators such as NPV, Discounted Payback Time (DPBT), and Levelized Cost of Electricity (LCOE), and pointed out that the success of the PV sector is linked to subsidies. According to these studies, it appears evident that the diffusion of grid-connected PV systems has provided great benefits not only in terms of social and environmental impact but has represented also a valuable economic investment for the community [7] .
The PV market scenario analyzed in the previous works is characterized by grid-connected PV power plants able to produce during the daylight hours but unable to store the unused energy. But, most of the energy household consumption occurs during the night-time and is satisfied by withdrawing energy from the electrical grid. For these reasons, in many countries, the mechanism of the feed-in-tariff (FIT) has been adopted and tuned [8] in order to favor these type of investments and guarantee to the power plant owners an economic benefit that can compensate the exchange of energy (required and injected to and from the grid) and subsidize the investment of the PV installation. In these last few years, favored by a reduction of the production costs and by an increase in performance, the storage systems have become particularly attractive also within the PV market. In [9] , an in-depth overview about the market and technology development of home storage systems in Germany during the years 2013-2018 is presented, showing that the rapid growth of installations has concerned the domestic power plant segment (<6 kWp). Akinyele et al. [10] perform a comparison among several storage system technologies for stand-alone PV systems, demonstrating that storage systems can favor independence from the electrical grid. On the other hand, it must be pointed out that grid-connected configurations have the great advantage of drastically reducing the interruption of energy supply (that can occur in stand-alone PV systems) and, with the installation of a storage system, incrementing the auto-consumption, limiting the energy withdrawal from the grid. Therefore, for this latter configuration, a performance and an economic evaluation of the whole system (i.e., power plant, storage system, and electrical grid connection) can aid the correct sizing of the PV system (peak power, inverter, storage system capacity) and to understand the economic benefits, with respect to household consumption and the environmental characteristics of the power plant location. In [11] , Abdin and Noussan presented a thorough economic analysis to evaluate, in the Italian market, the differences between a PV power plant working under the net-metering regime and the same configuration equipped with different (in size) type of storage systems. In this study, they revealed that the NPV of a PV system with a storage system, after ten years, will always be negative. In fact, at the state of the art, the costs of storage technologies are still considerable, and the return on investment can really depend on the specific geographical market, as shown in [11, 12] . In an earlier work [13] , a domestic grid-connected photovoltaic power plant located in the south of Italy was analyzed so as to assess the performance for only one year of operations. Due to the short period of investigation, the main contribution of [13] is not the obtained results, but the application of a Dynamic Reliability [14, 15] modelling-to gather in a single model the physical and the stochastic processes characterizing the functioning of a system. In [16] , the benefits of the Tesla Powerwall battery were investigated for PV power plants located in Germany, demonstrating that three key-factors-(i) the price gap between the electricity price and the remuneration rate, (ii) the battery system's investment cost, and (iii) the usable battery capacity-strongly influenced the feasibility of the investment. Therefore, it appears clear that ad-hoc studies that consider the market of the country, the geographical sites, and specific consumptions profiles are of great interest for researchers and practitioners.
In this paper, the analysis of a domestic grid-connected PV power plant equipped with a storage system has been performed considering two different geographical sites, located in the north and in the south of Italy. The first objective of this study is to evaluate how different environmental conditions, in the north and in the south of Italy, can affect not only the energy production and the self-consumption regimes, but also the aging of the components with particular emphasis on the storage system.
The model of the case of study has been designed using a Stochastic Hybrid Fault Tree Automaton (SHyFTA) [17] [18] [19] . One of the main contributions of this paper has been the utilization of this modelling technique that allows for the account of the physical process of energy conversion and for the stochastic process of failure and repair of the system components (like the aging of the battery, inverter, and PV panels as proposed in [20] [21] [22] [23] [24] ). Moreover, the SHyFTA model can be coded in order to take as input real variables and, in this study, it was possible to use the historical series of the global irradiation and of the ambient temperature of the last ten years (2008-2017) for both the locations selected.
The second objective of this study is to analyze and compare the economic feasibility of the PV power plants with and without a battery, working within the net-metering regime. Therefore, a thorough economic analysis that considers the Italian market scenario and the technical regulations of the grid-connected PV power plant is presented. The simulations have been extended to twenty years in order to compare the NPV and the DPBT.
The rest of this paper is organized as follows. Section 2 describes the basic concepts of the PV conversion and the main working principles of a PV storage system. In Section 3, the case study of the domestic grid-connected PV power plant is presented. Section 4 illustrates the SHyFTA model adopted to simulate the PV system, the main results of the simulation analysis, and, finally, the economic assessment. Section 5 contains a discussion and the final conclusions.
Model of Photovoltaic Conversion and Battery Storage
The performance assessment of a PV system can be carried out by the means of a mathematical model. Literature provides [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] several contributions that show how the complexity of a model depends on the objectives of the performance assessment, on the modeling hypotheses, and on the available modeling inputs. For instance, the most trivial model must be able to evaluate the expected yearly energy production by the knowledge of the mean solar irradiation. More complex models can include other factors like the deterioration of the system components, the maintenance activities, and the related economic aspects.
As a first approximation, the electrical power P generated with a simple configuration (same tilt and orientation for all modules) [21] can be defined as follows:
where I 0 is the orthogonal solar irradiance to the direction of solar radiation (W/m 2 ); α is the angle of the module/string with respect to the incident solar radiation; S is the area of the module (m 2 ); and η is the system efficiency that is always less than 1.
The total efficiency of a PV power plant can be expressed as:
where n is the number of loss effects considered at each i th stage of the power plant (inverter, cables, breakers, etc.).
The main dynamic efficiency degradation process depends on meteorological factors such as wind speed, cloud transients in PV units, incident irradiance and ambient temperature. Ref. [16, 21] propose a yearly deterioration model that is able to account for the most common meteorological factor, including the ambient temperature. Using Equation (3), it is possible to compute the efficiency of the module, η m , by considering the variation of the temperature [21] :
where η std and T c,std are respectively the efficiency and the module temperature at standard conditions (STC), ρ is the power coefficient (percentage variation of power for 1 • C), Tc and Ta are the module and ambient temperatures and G is the global irradiance on the module. To account for the degradation rate, Dr, corresponding with the percentage of efficiency lost every year [22] , it is possible to use a linear equation model:
where η first is the nominal efficiency at the first year, while η n is the efficiency calculated at the n th year. As already said, other components are involved in the process of energy conversion performed by a PV system, like protections, cables, breakers, disconnectors, and inverters. All these components play an important role in the energy production because if one of them interrupts the circuit path to the grid, the PV generator stops producing. For a grid-connected PV plant, as the one proposed in the case study, another circumstance causing the production to stop is a disconnection from the electrical grid inside the grid stage. Therefore, these events must be considered in order to achieve a realistic model of a PV generation system.
The energy produced and measured can be calculated by integrating the power produced in the time interval [t2, t1]:
In recent PV applications, it has become popular to integrate storage equipment-systems able to store the unused energy produced by the PV plant and not instantaneously consumed by the electrical equipment (household utilities).
An energy storage system can be modelled according to its degradation behavior, during its entire lifetime. The lifetime of the batteries (especially Li-ion technologies) [23] varies depending on their thermal environment and how they are charged and discharged. While technical datasheets usually declare a typical usable lifetime of 10 years or more (i.e., approximately 3650 cycles), they do not point at the degradation process. Usually Li-ion battery lifetime depends on many factors, such as battery operating and storage temperatures, depth of discharge (DoD) and state of charge (SoC), as shown in Figure 1 . Many authors have investigated these factors, both theoretically and with semi-empirical models. Christensen et al. [23] developed a cycling-driven generation model to predict fracture in active electrode material of Li-ion cells. Deshpande et al. [24] coupled electrochemistry and chemical degradation to model life performance of Li-ion cells. Other authors [25] [26] [27] [28] [29] have faced the dynamic aging by conducting test data to real-world battery scenarios according to different levels of complexity and parameters. In the work proposed here, the dynamic aging was adapted from a previous study [29] , on the degradation behavior of Li-Ion batteries. The correspondent SoC and DoD was calculated for each cycle (see Figure 1 ). As suggested in [29] , lifetime models that are able to estimate the capacity fade of Li-ion battery cell for cycling in various conditions, are given by Equation (6) for a cycling temperature of 25 • C (the Li-ion batteries used in grid support services are operated most of the time at 25 • C by means of air-conditioning systems). Therefore, in the model of the battery aging, Equations (6) and (7) where C fc is the capacity fade at the given cycle, nc represents the number of cycles and cd represents the depth of the cycle. In Equation (7), P dc represents te power capability decrease during the considered cycle.
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Results
In this paper, a case study of a grid-connected domestic photovoltaic plant equipped with a battery is analyzed. The main PV plant components are the PV panels, the AC/DC inverter, and the storage system. Figure 2 shows the working scheme of the system. In the proposed scheme, the domestic energy demand of the "Electrical Equipment" is satisfied, hierarchically, according to the following operation conditions:
• From the PV energy production (EPV) whenever the plant is working (and producing); • from the battery storage system (EB) if the demand exceeds the instantaneous PV production; • from the electrical grid (EFG) in all the other cases.
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At the same time, the main working principles of the battery are summarized according the following logic: In the proposed scheme, the domestic energy demand of the "Electrical Equipment" is satisfied, hierarchically, according to the following operation conditions:
• From the PV energy production (E PV ) whenever the plant is working (and producing); • from the battery storage system (E B ) if the demand exceeds the instantaneous PV production; • from the electrical grid (E FG ) in all the other cases.
At the same time, the main working principles of the battery are summarized according the following logic:
• Charging: When an excess of power produced by the PV plant is available and the battery is not fully charged. In this case, the instantaneous charging power can be computed as the difference between the PV production and the power required by the electrical equipment.
• Discharging: As soon as the electrical equipment needs power and the instantaneous PV plant production is not sufficient to fulfill this demand. This condition is likely to happen during the night, since the PV plant does not produce electricity then.
Moreover, if the battery is full and the instantaneous PV plant production exceeds the power demand of the electrical equipment, this excess power is injected to the grid, (E TG ), according the net-metering regulations [11] .
From the description of the working scheme so far provided, it is possible to understand that in a grid-connected power plant, the electrical grid plays a fundamental role. In fact, it behaves as a virtual spare battery of infinitive capacity that, on the one hand, collects the instantaneous power produced by the PV plant that is not instantaneously consumed by the household equipment and, on the other hand, provides the energy required by the household utilities when the PV plant and the battery are not able to fulfill these requests. In many countries, the net-metering regulations [11] discipline the management and economic aspects of the mechanisms of energy-exchange between a PV power plant and the electrical grid.
In Italy, an important technical feature of the grid-connected PV is an automatic safety mechanism of disconnection (generally installed within the inverter), in case of fault of the electrical grid. This mechanism stops the functioning of the PV system (PV plant and battery) and represents the worst-case scenario for the energy supply of the household. In fact, in these cases, the energy demand cannot be fulfilled by any of the three main supplier (PV plant, battery and grid).
In the following, the main characteristics of the PV plant object of the case of study are shown. A common size (P peak = 3 kW) of a domestic PV plant was considered. In this configuration, it constituted of 10 panels (each one of 300 W) in series. The main technical information of a single panel is shown in Table 1, whereas Table 2 resumes the characteristics of the AC/DC. The main characteristics of the battery are presented in Table 3 . In the proposed case of study, the battery was characterized by a capacity of 6.4 kWh (80% DOD). The PV power plant analysis was performed considering two different geographical sites of Italy in order to investigate two different environmental conditions. This allowed us to simulate two working conditions for the whole PV system (PV plant, inverter, and battery) which affected not only the energy production, but also the self-consumption regimes, the system aging, and, ultimately, the economic aspects. Table 4 summarizes the main details of the proposed investigated sites. The assessment process was conducted in accordance with a provided input data of ambient temperature (T a ) and irradiation (I) of 10 years (2008-2017) for both sites with a time step of 1 h, for a total of 87,672 samplers. Data for Location 2 were provided from [30] , while data for Location 1 were provided from [31] . Data was pretreated in order to handle missing values (less than 1% for both sites). A Python script was implemented in order to replace missing values with a moving average calculation (by considering similar time and seasonal intervals subsets). Table 4 summarizes the main details of the proposed investigated sites. The assessment process was conducted in accordance with a provided input data of ambient temperature (Ta) and irradiation (I) of 10 years (2008-2017) for both sites with a time step of 1 h, for a total of 87,672 samplers. Data for Location 2 were provided from [30] , while data for Location 1 were provided from [31] . Data was pretreated in order to handle missing values (less than 1% for both sites). A Python script was implemented in order to replace missing values with a moving average calculation (by considering similar time and seasonal intervals subsets). Figure 3 shows the trends of the household energy demand, characterizing a generic day of each season of the year. The mean yearly consumption sums up to about 3750 kWh. In order to obtain the seasonal average consumption profiles, the authors have considered the main equipment of a household, living in a house making full use of electricity with air-conditioners used during winter and summer. A third-party software for calculating these consumption profiles was used. The software required the number of the main electrical appliances and the following equipment were considered: Air-conditioner (n.2), television (n.2), washing machine (n.1), dryer (n.1), and computer (n.2). Moreover, general consumptions due to lighting was automatically calculated. Figure 3 shows the trends of the household energy demand, characterizing a generic day of each season of the year. The mean yearly consumption sums up to about 3750 kWh.
In order to obtain the seasonal average consumption profiles, the authors have considered the main equipment of a household, living in a house making full use of electricity with air-conditioners used during winter and summer. A third-party software for calculating these consumption profiles was used. The software required the number of the main electrical appliances and the following equipment were considered: Air-conditioner (n.2), television (n.2), washing machine (n.1), dryer (n.1), and computer (n.2). Moreover, general consumptions due to lighting was automatically calculated. 
Simulation Model and Results
In a previous work [19] , a Stochastic Hybrid Fault Tree Automaton (SHyFTA) was used to model a large-scale photovoltaic power plant and assess the service availability and the main dependability means. The same formalism was adopted in [13] to present a preliminary study for the performance evaluation of a domestic photovoltaic power plant with a storage system. The aim of these researches was to demonstrate the effectiveness of this modelling technique. But, in terms of quantifiable results, the main limitation of these analyses was the short time-horizon (five and one year, respectively), although it is known that photovoltaic power plants have an average life of twenty years. As aforementioned, in this research paper it was possible to obtain the historical time-series of the solar irradiation and environmental temperature of the last ten years (2008-2017) of two locations in Italy, therefore a more realistic and thorough analysis could be performed.
In the next sections, the SHyFTA modelling formalism will be used in order to illustrate the model of the photovoltaic system in the simulation. The main results will be presented so as to point out the main differences in terms of performance between the two geographic locations. Moreover, an economic assessment comparing the investment linked to the installation of a PV system, with and without battery, will be presented.
Stochastic Hybrid Fault Tree Automaton
Stochastic Hybrid Fault Tree Automaton (SHyFTA) is a modelling formalism that belongs to the umbrella of Dynamic Reliability [14, 15] , an engineering science that aims to study a system by the use of an holistic model that is able to consider the physics of the system process and its interrelationships with the system dependability, (i.e., the probability of a system performing its task under some specifications like operative conditions, time of mission, restoration, maintenance resources, and so forth [33] ).
SHyFTA is a formalism based on the separation of concerns [17] which allows us to break the modelling of a system process into two inter-dependent sub-models, the deterministic and the stochastic, that are coupled by the mean of shared variables. This simplifies the conception of complex models. Figure 4 shows the coupling between the deterministic and the stochastic processes. 
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Stochastic Hybrid Fault Tree Automaton (SHyFTA) is a modelling formalism that belongs to the umbrella of Dynamic Reliability [14, 15] , an engineering science that aims to study a system by the use of an holistic model that is able to consider the physics of the system process and its inter-relationships with the system dependability, (i.e., the probability of a system performing its task under some specifications like operative conditions, time of mission, restoration, maintenance resources, and so forth [32] ).
SHyFTA is a formalism based on the separation of concerns [17] which allows us to break the modelling of a system process into two inter-dependent sub-models, the deterministic and the stochastic, that are coupled by the mean of shared variables. This simplifies the conception of complex models. Figure 4 shows the coupling between the deterministic and the stochastic processes. In the SHyFTA formalism, the deterministic model can be described with the mathematical equations of the system process, whereas the stochastic model takes the form of a Dynamic Fault Tree. The graphical representation of a fault tree is a logic diagram constituted by a Top Event (TE), Basic Events (BEs), and Gates. Following a TOP-DOWN approach, the construction of a DFT is realized by identifying the sequence of events that brings into occurrence the TE. The TE is the undesired scenario of the fault tree. On the other hand, BEs are the leaves of the fault tree and represent the elementary events of a process, generally linked with the failure of the system components. Gates are used to logically interconnect the BEs and/or other intermediary events, originated by the triggering of other gates.
The shared variables allow the coupling of these two inter-dependent sub-models so that a variation of the deterministic dynamic can arouse a change on the parameters of the stochastic submodel and vice-versa. Typical interrelationships between the deterministic to the stochastic model are the variations of the working conditions that can alter the failure behavior of the system. On the other hand, the most common shared variables of the stochastic model affecting the deterministic dynamics are the components status: If a component gets deteriorated (or even broken), its contribution within the deterministic process is nullified.
To implement a SHyFTA model, the modeler must identify the components that participate to the physical process and realize the DFT schema that, on the other hand, describes the system failure logic of the system. For the energy supply system of the household shown in Figures 2, 5 and 6 present the deterministic (or physical) and the stochastic diagram (the DFT) of the SHyFTA model. As it is shown, the Basic Events of the DFT represent the active components of the physical model.
In this paper, the implementation and resolution of the SHyFTA model was achieved exploiting a software toolbox library (SHyFTOO) running under the Matlab ® framework.
SHyFTA Model of the Household Energy Supply
The SHyFTA model hereby presented depicts the process of energy supply for a generic household equipped with a grid-connectected photovoltaic power plant and a storage system. The deterministic schema of the process, in Figure 5 , allows the identification of the main sub-systems: The photovoltaic power plant (PV Generator), the storage system (BAT), and the equipment of the grid connection coupling (GCC) that allow the coupling with the electrical grid. In the SHyFTA formalism, the deterministic model can be described with the mathematical equations of the system process, whereas the stochastic model takes the form of a Dynamic Fault Tree. The graphical representation of a fault tree is a logic diagram constituted by a Top Event (TE), Basic Events (BEs), and Gates. Following a TOP-DOWN approach, the construction of a DFT is realized by identifying the sequence of events that brings into occurrence the TE. The TE is the undesired scenario of the fault tree. On the other hand, BEs are the leaves of the fault tree and represent the elementary events of a process, generally linked with the failure of the system components. Gates are used to logically interconnect the BEs and/or other intermediary events, originated by the triggering of other gates.
The shared variables allow the coupling of these two inter-dependent sub-models so that a variation of the deterministic dynamic can arouse a change on the parameters of the stochastic sub-model and vice-versa. Typical interrelationships between the deterministic to the stochastic model are the variations of the working conditions that can alter the failure behavior of the system. On the other hand, the most common shared variables of the stochastic model affecting the deterministic dynamics are the components status: If a component gets deteriorated (or even broken), its contribution within the deterministic process is nullified.
The SHyFTA model hereby presented depicts the process of energy supply for a generic household equipped with a grid-connectected photovoltaic power plant and a storage system. The deterministic schema of the process, in Figure 5 , allows the identification of the main sub-systems: The photovoltaic power plant (PV Generator), the storage system (BAT), and the equipment of the grid connection coupling (GCC) that allow the coupling with the electrical grid. In detail, they can be decomposed into the following functional blocks:
1. PV Module (PVM), made up by ten photovoltaic modules (M1-M10); 2. Direct Current Section (DCS), made up of string protection diodes (SPR), a DC disconnector (DCD), and a surge protection device (SPD); 3. Alternating Current Section (ACS), made up of an inverter (INV) and an AC circuit breaker (ACB); 4. Grid Connector Coupling (GCC), made up of an AC disconnector (ACD), a differential circuit breaker (DCB), and a generic sub-system representing the electrical grid (GRD). 5. Battery (BAT) that is connected in parallel in the AC section.
As already said in Section 3, for management reasons, a grid-connected power plant must be connected to the national electrical grid. If the electrical grid fails, the power plant must be disconnected, stopping the production and the energy supply of the household. Moreover, in these cases, the battery is also forbidden to supply energy to the household until the grid has recovered. This scenario corresponds to the top event of the Dynamic Fault Tree shown in Figure 6 . This model is constituted by the Top Event AND gate (TE) that takes as input the output of the OR gate GCC (OR (ACD, DCB, GRD)) and the OR gate PV Fault (OR (ACS, DCS)). The former models any type of disconnection of the electrical grid, whereas the latter the unavailability of the photovoltaic power plant that occurs if the electrical circuit of the PV Generator gets open (any failure of the ACS or DCS components). The AND Gate PVM models the failure of the photovoltaic strings; although the modules are connected in series, the by-pass diodes guarantee the electrical isolation of those modules that are not working properly.
As far as it concerns the battery, it must be pointed that its unavailability does not cause a stop of the household energy supply because the grid can fulfill the energy request. On the other hand, likewise the PV power plant operativity, any disconnection from the electrical grid causes the unavailability of the battery. These behaviors can be modelled with the DFT using a FDEP Gate, taking as primary input the output of the GCC and secondary inputs the BAT and the OR Gate of the PV Fault. In detail, they can be decomposed into the following functional blocks:
1.
PV Module (PVM), made up by ten photovoltaic modules (M1-M10); 2.
Direct Current Section (DCS), made up of string protection diodes (SPR), a DC disconnector (DCD), and a surge protection device (SPD); 3.
Alternating Current Section (ACS), made up of an inverter (INV) and an AC circuit breaker (ACB); 4.
Grid Connector Coupling (GCC), made up of an AC disconnector (ACD), a differential circuit breaker (DCB), and a generic sub-system representing the electrical grid (GRD).
5.
Battery (BAT) that is connected in parallel in the AC section.
As far as it concerns the battery, it must be pointed that its unavailability does not cause a stop of the household energy supply because the grid can fulfill the energy request. On the other hand, likewise the PV power plant operativity, any disconnection from the electrical grid causes the unavailability of the battery. These behaviors can be modelled with the DFT using a FDEP Gate, taking as primary input the output of the GCC and secondary inputs the BAT and the OR Gate of the PV Fault. As generally assumed in the literature, failure and restoration of the system components follow the exponential probability density function that model a random failure/repair. Table 5 shows the parameters adopted. Failures are measured in occurrence per year whereas repairs in occurrence per hour. As for repair rates, it was assumed that electrical components such as breakers and disconnectors can be restored as-good-as-new within 12 h, string box and surge protections within 48 h after fault. A failure of the grid is restored within four hours, whereas more critical components like the inverter, the battery and the modules, according to the agreements with the manufacturers, are repaired within three or four weeks, so as to consider the whole process of inspection, ordering, delivery, and replacement. The SHyFTA model was coded with the SHyFTOO library under the Matlab ® and Simulink framework. The Matlab script used to create the DFT is shown in Table 6 (parameters have to be defined in number of occurrences per hour).
The physical process can be developed in Simulink, exploiting the built-in blocks available in the Simulink libraries. Thanks to the SHyFTOO library, the coupling between the physical and the stochastic model was easily realized, exploiting the properties of the SHyFTOO components that were used as shared variables. For instance, Figure 7 shows the PVM section: Ten modules (M1-M10) contributed to the conversion of the solar irradiation. The generic block "Mi_Status" (i = 1, i = 2, …, i = 10) took as input the status of the module from the stochastic process. If the status of the generic As generally assumed in the literature, failure and restoration of the system components follow the exponential probability density function that model a random failure/repair. Table 5 shows the parameters adopted. Failures are measured in occurrence per year whereas repairs in occurrence per hour. As for repair rates, it was assumed that electrical components such as breakers and disconnectors can be restored as-good-as-new within 12 h, string box and surge protections within 48 h after fault. A failure of the grid is restored within four hours, whereas more critical components like the inverter, the battery and the modules, according to the agreements with the manufacturers, are repaired within three or four weeks, so as to consider the whole process of inspection, ordering, delivery, and replacement. The SHyFTA model was coded with the SHyFTOO library under the Matlab ® and Simulink framework. The Matlab script used to create the DFT is shown in Table 6 (parameters have to be defined in number of occurrences per hour).
The physical process can be developed in Simulink, exploiting the built-in blocks available in the Simulink libraries. Thanks to the SHyFTOO library, the coupling between the physical and the stochastic model was easily realized, exploiting the properties of the SHyFTOO components that were used as shared variables. For instance, Figure 7 shows the PVM section: Ten modules (M1-M10) contributed to the conversion of the solar irradiation. The generic block "Mi_Status" (i = 1, i = 2, . . . , i = 10) took as input the status of the module from the stochastic process. If the status of the generic module was not good, its contribution was nullified in the "Interpreted MATLAB Fcn" that implemented the physical equations shown in Equations (1)-(4). It was possible to identify the other inputs of these equations: (1) The simulation clock, (2) the historical series of the solar irradiation, and (3) the ambient temperature. In this way, the equations can compute at any instant of the simulation the power produced by the solar string. Clearly, the physical process is not limited to the previous block but, since the Simulink model is not the main object of this paper, the rest of the blocks are not illustrated. Table 6 . DFT model syntax with the SHyFTOO library. module was not good, its contribution was nullified in the "Interpreted MATLAB Fcn" that implemented the physical equations shown in Equations (1)-(4). It was possible to identify the other inputs of these equations: (1) The simulation clock, (2) the historical series of the solar irradiation, and (3) the ambient temperature. In this way, the equations can compute at any instant of the simulation the power produced by the solar string. Clearly, the physical process is not limited to the previous block but, since the Simulink model is not the main object of this paper, the rest of the blocks are not illustrated. Table 6 . DFT model syntax with the SHyFTOO library. 
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Simulation Results
In order to evaluate the impact of the battery on the auto-consumption and on the energy withdrawn from the electrical grid, four main scenarios were simulated and compared, as summarized in Table 7 . The simulations were built upon the cases of study described in Section 3, characterized by two different geographical locations with the same photovoltaic system (peak nominal power and battery). As already mentioned, the historical time series collected data from 2008 
In order to evaluate the impact of the battery on the auto-consumption and on the energy withdrawn from the electrical grid, four main scenarios were simulated and compared, as summarized in Table 7 . The simulations were built upon the cases of study described in Section 3, characterized by two different geographical locations with the same photovoltaic system (peak nominal power and battery). As already mentioned, the historical time series collected data from 2008 to 2017, therefore the results presented in this section are related to ten years of simulation (corresponding to 87,672 h of operation). Table 7 . Simulation scenarios.
Id
Battery Site
The measures of interest for the two locations were (1) the energy produced by the photovoltaic power plant E PV , (2) the energy transferred to the grid E TG , (3) the energy required and withdrawn by the grid E FG , and (4) the loss of energy production E L , due to the energy supply system unavailability (grid and PV system). It is worth reminding that E PV and E L are independent from the battery. Figure 8 compares the energy produced for both the two locations. It is noticeable that in the Location 2, the expected production E PV is higher than in the Location 1; if compared to the energy required by the household utilities, it can be seen that the design peak power (3 kW) would be enough to cover the consumption only in the Location 2 (and not in the Location 1). Figure 9 shows the production loss E L due to the unavailability of the energy supply system. These value amounts to about the 2% of the energy produced that can be explained by the very high availability (0.9876) of the energy supply system, that can be computed with the stochastic failure process (e.g., the DFT) of the SHyFTA model. to 2017, therefore the results presented in this section are related to ten years of simulation (corresponding to 87,672 h of operation). Table 7 . Simulation scenarios.
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The measures of interest for the two locations were (1) the energy produced by the photovoltaic power plant EPV, (2) the energy transferred to the grid ETG, (3) the energy required and withdrawn by the grid EFG, and (4) the loss of energy production EL, due to the energy supply system unavailability (grid and PV system). It is worth reminding that EPV and EL are independent from the battery. Figure 8 compares the energy produced for both the two locations. It is noticeable that in the Location 2, the expected production EPV is higher than in the Location 1; if compared to the energy required by the household utilities, it can be seen that the design peak power (3 kW) would be enough to cover the consumption only in the Location 2 (and not in the Location 1). Figure 9 shows the production loss EL due to the unavailability of the energy supply system. These value amounts to about the 2% of the energy produced that can be explained by the very high availability (0.9876) of the energy supply system, that can be computed with the stochastic failure process (e.g., the DFT) of the SHyFTA model. to 2017, therefore the results presented in this section are related to ten years of simulation (corresponding to 87,672 h of operation). Table 7 . Simulation scenarios.
The measures of interest for the two locations were (1) the energy produced by the photovoltaic power plant EPV, (2) the energy transferred to the grid ETG, (3) the energy required and withdrawn by the grid EFG, and (4) the loss of energy production EL, due to the energy supply system unavailability (grid and PV system). It is worth reminding that EPV and EL are independent from the battery. Figure 8 compares the energy produced for both the two locations. It is noticeable that in the Location 2, the expected production EPV is higher than in the Location 1; if compared to the energy required by the household utilities, it can be seen that the design peak power (3 kW) would be enough to cover the consumption only in the Location 2 (and not in the Location 1). Figure 9 shows the production loss EL due to the unavailability of the energy supply system. These value amounts to about the 2% of the energy produced that can be explained by the very high availability (0.9876) of the energy supply system, that can be computed with the stochastic failure process (e.g., the DFT) of the SHyFTA model. The energy withdrawn from the grid E FG , needed to satisfy the utilities consumptions, is shown in Figures 10 and 11 , respectively, for a PV system with and without the battery. In this case, as expected, the energy withdrawn from the grid is higher in Location 1, although this difference is less evident for the plant configuration without battery (Figure 11 ). This last behavior can be explained considering that household consumption are mostly concentrated during the second half of the day (late afternoon to night) when the power plants do not produce in both the locations.
The same trends are shown in Figures 12 and 13 but grouped with respect to the location. In both the cases, it is possible to notice that the battery increased dramatically the auto-consumption, reducing the energy request from the grid by about 50% in both the locations.
The energy transferred to the grid E TG because it was not instantaneously consumed by the household utilities is shown in Figures 14 and 15 .
Beside the fact that, as expected, the power plant of Location 2 injects to the grid more energy than the power plant of Location 1, an interesting fact is observed in Figures 16 and 17 . In fact, they show the same trends with respect to the same location but highlighting, in the right axis, the percentage of the E PV instantaneously transferred to the grid, which gives origin to the E TG .
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As expected, the results of the simulations presented in Section 4.3 have shown that the installation of the battery increases the auto-consumption and, accordingly, decreases the withdrawal Although the percentage of unused E PV is drastically reduced, the energy injected to the grid, E TG , is still very high (approximately around the 40% of the energy produced by the power plant in both the locations). In order to reduce the ETG, the most appropriate way would be the increasing of the storage system capacity. But this option has a cost and, as it will be shown in the next section, the economic viewpoint cannot be disregarded.
As expected, the results of the simulations presented in Section 4.3 have shown that the installation of the battery increases the auto-consumption and, accordingly, decreases the withdrawal of energy from the electrical grid. Now, the main point to evaluate is whether the installation of the battery is convenient not only in terms of self-consumption but, above all, from an economic point of view.
In a similar work [11] , an economic analysis targeting the Italian market showed that the profitability of an investment of a PV power plant equipped with a storage system is questionable, resulting with a payback time higher than 75 years. These results are very discouraging; therefore, in our study, it was decided to extend the simulation in order to consider a "Project Lifetime" of twenty years and to compare the "Net Present Value" [6] of two design configurations of a photovoltaic power plant with and without a battery. Clearly, some further assumption was needed and the main characteristics of the Italian PV market were considered for estimating the installation costs of a PV system and the costs of the electrical bill. Besides all, it must be observed that in the last decades the Italian market has been one of the most responsive to the photovoltaic offer, thanks to several government-sponsored subsidies that have included, among them, incentives and tax deductions. Therefore, the evaluations hereby summarized can provide valuable and interesting prompts for understanding the market and, in particular, the potential of storage system technology in domestic applications. Table 8 shows the costs related to the installation and the contract management of a grid-connected photovoltaic power plant subjected to the net-metering regime (known also as SSP) [11] . They reflect the costs of an ordinary mono-phase low-voltage contract. The investment costs are related to the installation of the PV power plant and are sustained one time at the beginning of the investment (at the beginning of the first year). The annual costs refer to the net-metering service subscription (also known as SSP). In Table 9 , the main components of the electrical bill are summarized. The "Fixed Price of Energy", "Price for the Metering Unit", and "Power Costs" are annual costs sustained for the energy supply (contract with the energy provider). They are included and spread in the periodic electrical bill (every month) that also includes the costs linked with the amount of energy (kWh) EFG withdrawn from the grid. This latter is a variable whom unitary cost value depends on the "Energy Cost" plus an "Additional Energy Cost" that is applied as follows: As long the yearly EFG is lower than 1800 kWh, the unitary cost is incremented with the value of the "Additional Energy Cost L" per kWh. Afterwards, the unitary cost per kWh is further increased using the "Additional Energy Cost H" (e.g., the auto-consumption limits these costs). The "Excise Duty" and the "VAT" are additional taxes payed on top of the bill. Table 10 provides further data needed for the economic assessment. The "Unitary Fixed Exchange Value" is a mean of the variable components paid in the electrical bill, while the "Energy Trade Price" corresponds with the sales value of the energy produced by the power plant and transferred to the grid (e.g., energy not instantaneously used). These values are used to evaluate the net-metering contribution (or SSP). Since, they are slightly volatile (depends on the energy market), they have been fixed considering the current market scenario. Finally, the "Discount Rate" (r = rb + rr + r') is defined according to the following economic scenario assumptions: -r b = 0.5%, is the borrowing/lending rate of interest. In our case, it was assumed an economic scenario of liquidity (lending rate). -r r = 1% is an interest rate featuring the industrial plant risk assessment. In our case, it was assumed a low value because PV technology is mature. -r' = 1% is the liquidity risk premium.
Since the "Project Lifetime" has been set to twenty years, the analysis presented in the previous sections was extended accordingly; therefore, the Monte Carlo simulation was modified so as to shuffle, for the missing ten years, the historical time-series available.
The discounted cash flow method for the evaluation of the NPV is based on the cash-flows generated by an investment. Therefore, the NPV (20 year, 2.5%) was computed for the four scenarios of Table 11 with the formula: (8) where C 0 are the costs sustained for the installation and the start-up of the photovoltaic system (at the beginning of the investment) and CFD i is the ith annual "Cash-Flow Discount" (CFD) generated by the investment. As shown in the equation Equation (8), the ith CFD can be obtained using the corresponding "Cash-Flow" (CF) and multiplying it to the "Present Value Single Payment". The PVSP i depends on the "Discount Rate" and provides the discount value of an amount (at the time of the economic analysis) expected at the ith year, by the formula: Table 11 shows the PVSP (20 year, 2.5%) that was used for the proposed economic assessment. The CF i is computed considering the annual revenue R i and the avoided costs AC i of the ith year due to the investment. In our case of study, the AC i was computed using the following formula:
where, ∆ST i ("Saving Taxes") are the savings from the taxes (in Italy, the economic discipline allows a deduction from the taxes of 50% of the investment within the first ten years of the PV installation) and ∆SB i ("Saved Bill") are the savings of the electrical bill:
where, BBI stands for "Bill Before the Investment" and BAB stands for "Bill after the Investment". The revenue R i is a credit provided by the Government to the household owner that depends on the energy exchanged with the grid as ruled by the net-metering regulation [11] . So, the following formula is used:
It makes use of the information presented in Tables 8-10 to compute the following variables: -SSP (credit recognized) = min (OE, CEI) + UFEV × ES; -OE (value of energy withdrawn from the grid) = E FG × Energy Cost; -CEI (value of energy injected to the grid) = E TG × Energy Trade Price; -ES (energy exchanged with the grid) = min (E FG , E TG ); -* ∆VES (value of the energy surplus) = CEI − OE, only if CEI > OE (otherwise is 0).
Where AFSSP is the "Annual Fee for SSP" (30 €/y), E FG is the energy withdrawn from the grid and E TG is the energy transferred to the grid. Tables 12-15 present the results of the cash-flow analysis. It is possible to observe that the NPV (at the 20th year) of a PV system without battery is higher than the same PV system with battery. These results confirm the one shown in [11] that investigated the economic profitability of a PV system during the first 10 years of lifetime. without storage systems, does not consider the auto-consumption as an added value and does not reward the usage of the stored energy. Figure 18 shows the "return of investment" trend. This figure allows the identification of the pay-back time for the four investments proposed in Table 7 , considering respectively the PV system with and without battery in both the locations. In particular, it is possible to notice that the PV system without battery in Location 2 returned during the 9th year of activity, whereas the same configuration for Location 1 took two more years. The PV systems with battery required respectively 13 and 11 years to return in Location 1 and Location 2. The results so far shown have demonstrated that, in Italy the current market scenario is not yet favorable for the installation of a battery in domestic PV applications. In order to understand what conditions can turn the market in favor of the installation of the battery, a sensitivity analysis was performed. Figures 19 and 20 show how the payback time and the NPV change with a variation of the battery cost per kWh (from 500 to 100 €/kWh). As far as it concerns the payback time, Figure 19 shows that the cost of the battery must decrease to 200 €/kWh and 150 €/kWh, respectively, for the Location 1 and Location 2, in order to equalize the investment of a PV system without battery. Instead, Figure 20 reveals that the installation of a storage system starts to become more profitable (than the same PV plant without battery) for where the costs of the battery is lower than 300 €/kWh. In this case, the payback time would occur, respectively in Location 1 and Location 2, at the 12th and at the 10th year from the beginning of the investment. 
Conclusions
In this paper, a performance and an economic evaluation of storage systems in domestic gridconnected PV power plants was presented. The analysis was carried out considering two different locations, in the north and in the south of Italy, characterized by different environmental conditions. The model developed with the SHyFTA technique was allowed to consider the main physical mathematical equations of the photovoltaic energy conversion and the stochastic behavior of the PV system. In this way, it was possible to simulate the PV systems using the real historical series of the ambient temperature and of the irradiation (for both locations) of the last ten years. Moreover, thanks to the SHyFTA model, the failures, the aging and maintenance of the system components (including the PV panels, the inverter and the storage system) were also taken into account, in order to obtain a more realistic simulation than traditional deterministic models.
The results of the performance evaluation revealed that a PV power plant of 3 kWp-assuming the best installation condition (for both locations)-in the south of Italy can be enough to satisfy an energy demand of 4300 kWh/year, whereas it cannot cover-in the north of Italy-a domestic consumption higher than 3500 kWh/year. Moreover, the simulations showed that the installation of a storage system of 6.5 kWh of capacity can increase the auto-consumption up to the 60-65%, no matter the location. This demonstrates that the grid-connected architecture is still the most appropriate design solution for domestic applications, because they can guarantee the energy supply with a service availability of 98.5%, avoiding undesired service shortage that can occur in a standalone configuration.
Although the installation of the energy storage systems may seem a promising investment for private consumers, the results of the economic evaluation reveal very interesting information. Assuming the main characteristics of the Italian market, the economic evaluation was carried out for twenty years (extending the time-series of ten years) which is the typical useful-life of a PV power plant. Based on the current Italian regulations for the grid-connected PV plant within the netmetering regime, an economic comparison between an investment of a traditional PV plant without and with battery was performed. The results demonstrated that the economic advantages of Li-ion storage systems of grid-connected PV applications were not yet remarkable if compared with the investment of a traditional PV power plant. In fact, the NPV (at the twentieth year) of a PV system without storage system was higher than the equivalent PV system with battery. A sensitivity analysis As far as it concerns the payback time, Figure 19 shows that the cost of the battery must decrease to 200 €/kWh and 150 €/kWh, respectively, for the Location 1 and Location 2, in order to equalize the investment of a PV system without battery. Instead, Figure 20 reveals that the installation of a storage system starts to become more profitable (than the same PV plant without battery) for where the costs of the battery is lower than 300 €/kWh. In this case, the payback time would occur, respectively in Location 1 and Location 2, at the 12th and at the 10th year from the beginning of the investment.
In this paper, a performance and an economic evaluation of storage systems in domestic grid-connected PV power plants was presented. The analysis was carried out considering two different locations, in the north and in the south of Italy, characterized by different environmental conditions. The model developed with the SHyFTA technique was allowed to consider the main physical mathematical equations of the photovoltaic energy conversion and the stochastic behavior of the PV system. In this way, it was possible to simulate the PV systems using the real historical series of the ambient temperature and of the irradiation (for both locations) of the last ten years. Moreover, thanks to the SHyFTA model, the failures, the aging and maintenance of the system components (including the PV panels, the inverter and the storage system) were also taken into account, in order to obtain a more realistic simulation than traditional deterministic models.
The results of the performance evaluation revealed that a PV power plant of 3 kW p -assuming the best installation condition (for both locations)-in the south of Italy can be enough to satisfy an energy demand of 4300 kWh/year, whereas it cannot cover-in the north of Italy-a domestic consumption higher than 3500 kWh/year. Moreover, the simulations showed that the installation of a storage system of 6.5 kWh of capacity can increase the auto-consumption up to the 60-65%, no matter the location. This demonstrates that the grid-connected architecture is still the most appropriate design solution for domestic applications, because they can guarantee the energy supply with a service availability of 98.5%, avoiding undesired service shortage that can occur in a stand-alone configuration.
Although the installation of the energy storage systems may seem a promising investment for private consumers, the results of the economic evaluation reveal very interesting information. Assuming the main characteristics of the Italian market, the economic evaluation was carried out for twenty years (extending the time-series of ten years) which is the typical useful-life of a PV power plant. Based on the current Italian regulations for the grid-connected PV plant within the net-metering regime, an economic comparison between an investment of a traditional PV plant without and with battery was performed. The results demonstrated that the economic advantages of Li-ion storage systems of grid-connected PV applications were not yet remarkable if compared with the investment of a traditional PV power plant. In fact, the NPV (at the twentieth year) of a PV system without storage system was higher than the equivalent PV system with battery. A sensitivity analysis for evaluating what market conditions can favor the installation of a storage systems showed that a cost decrease of the 70% is required (from the current 500 to 200 ÷ 150 €/kWh) to make the installation of the storage systems economically convenient.
In the authors' opinion, the reasons of this economic debacle are linked with the lack of a specific regulation for grid-connected PV power plants equipped with a storage system. Such systems, at the state of the art, must adhere to the old net-metering regulations for grid-connected PV plants (without storage system), conceived in the early 2007 (and updated in 2016 [33] ). The latter, in fact, does not reward the auto-consumption and, in addition, decreases the quota of the SSP credit linked to the energy exchanged with the grid that is drastically reduced in the architecture including a storage system. In conclusion, storage technology represents an advancement in the PV applications, but its breakthrough must be accompanied by an important cost decrease and must be favored by dedicated mechanisms of incentives and management regulations. Funding: This research received no external funding.
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